We investigate the generation and decay of interspecific disequilibrium (ID) between organelle and symbiont genomes as a function of the rate of horizontal transmission. We show that rare horizontal transmission greatly diminishes the covariance between organelle and symbiont genomes. This result has two important implications. First, a low level of ID does not indicate low levels of vertical transmission. Second, even with low levels of horizontal transmission, the additive effects of host and symbiont loci will determine the response to selection, while epistatic effects will not be selectable. 
Introduction
The evolutionary merger of genomes from different species or kingdoms has facilitated major innovations in eukaryotic life (Maynard Smith and Szathmáry, 1998; Michod, 2000) . However, the split control of a phenotype by two genomes generates conflicts and inefficiencies. The mode of symbiont transmission can mediate these tensions (Frank, 1994 (Frank, , 1997 Wade, 2007) . With horizontal transmission, beneficial intergenomic combinations are broken apart, and selection favors traits that maximize the fitness of one partner without regard to the fitness of the other. With vertical transmission, favorable intergenomic combinations are sustained, increasing the response to selection on host-symbiont gene combinations, and reducing conflicts between parties.
Although many host-symbiont relationships exhibit complex adaptations to ensure horizontal or vertical transmission, some hosts employ a mixture of both systems of symbiont acquisition (Bright and Bulgheresi, 2010) . Building on previous studies of multi-locus disequilibria for nuclear (Cockerham and Weir, 1977; Tachida and Cockerham, 1989; Vitalis and Couvet, 2001 ) and cyto-nuclear (Asmussen and Orive, 2000; Orive and Barton, 2002; Wade and Goodnight, 2006) gene pairs, we quantify the influence of partial horizontal transmission on the covariance between symbiont and organelle genomes.
This interspecific disequilibrium (Sanchez et al., 2000, hereafter ID) is analogous to linkage disequilibrium (LD) between alleles in one genome.
ID has two important interpretations. First, ID can be used to interpret empirical associations between organelle and symbiont genomes. For example, Hurtado et al. (2003) found a strong association between mitochondrial loci of the vent clam, Calyptogena magnica, and loci in its sulfur-oxidizing γ-subdivision proteobacterium symbiont. They inferred that this association was evidence for high levels of maternal symbiont transmission. However, the quantitative relationship between genomes as a function of the degree of vertical transmission is currently unclear. If, for example, Hurtado et al. (2003) found no association between mitochondrial and symbiont genes, would it be safe to assume that horizontal transmission was predominant, or could a model of mixed horizontal and vertical transmis-sion be plausible? A theoretical expectation of the association between host and symbiont genomes will become increasingly important as studies of the population genomics of symbiotic associations become more common (see Wu et al., 2006 , for a genomic approach to the symbiosis between the sharpshooter, Homalodisca coagulata, and two of its bacterial symbionts). Specifically, since the acquisition of genomic data from complex symbioses will likely outpace the experiments and observations traditionally used to characterized these associations, it is worthwhile to understand what can be inferred from sequence data.
Second, when fitness is a function of the interaction between genomes, the response to selection on interspecific genetic combinations is proportional to the maintenance of covariance between genomes, as only heritable combinations can respond to selection (Barton and Turelli, 2004; Goodnight, 1987 Goodnight, , 1988 Goodnight, , 1995 Hill et al., 2006) . For example , Brandvain et al. (2007) found that selfing and clonal plants transfer more mitochondrial genes to their nucleus than outcrossing plants. This pattern is consistent with the interpretation that by increasing the heritability of mitochondrial-nuclear gene pairs, both selfing and clonal reproduction facilitate the adaptive movement of mitochondrial genes to the nucleus . Thus, high levels of interspecific disequilibrium can facilitate complex adaptations of host-symbiont genomes.
We show that without horizontal symbiont acquisition, drift and maternal symbiont transmission can create and maintain a significant association between organelle and symbiont genomes; however, rare horizontal symbiont transmission rapidly erodes most of the host-symbiont association generated by forces such as admixture and selection.
Analytical Results
We describe a dioecious host population of size N, in which N individuals are females.
In our idealized population, all hosts are singly infected by a single symbiont (however, we relax this assumption in the simulation study, below). Here, we present a series of recursive equations that describe the expected identity coefficients necessary to estimate the covariance between organelle and symbiont loci in the next generation. A single-generation implementation of these recursive equations requires no assumption about the selective effects of host or symbiont loci, so long as identity coefficients in the parental generation are measured after selection, and identity measures in the offspring generation precede selection.
To derive identity coefficients within and between genomes, we choose two hosts at random from the population. We find the probability that organelle and/or symbiont genes in these hosts are identical by descent, given their transmission mode. We weight results from each possible pair of transmission modes by their expected frequency (i.e., the probability that both, one, or neither host inherits its symbiont maternally). We present derivations for each case in Appendix 1.
Regardless of symbiont transmission mode, two individuals share a mother with probability 1ßN . Thus, organellar genomes of two randomly chosen hosts are identical by descent (ibd ) with probability
where the approximation is taken in the case of a large host population.
The probability that symbiont genomes of two randomly chosen individuals are ibd, F s , depends on transmission mode. Individuals inherit their symbiont maternally with probability v, and horizontally with probability h 1 ¡ v. This assumes that the sum of horizontal and vertical transmission equals one (we relax this assumption in our simulations).
When two hosts are both directly infected by their mothers' (which occurs with probability, v 2 ) they are ibd at a symbiont locus with probability
When one or both hosts inherit their symbiont horizontally (with probabilities 2vÔ1 ¡vÕ and Ô1 ¡ vÕ
The probability that two randomly chosen individuals are ibd at both organelle and symbiont loci equals θ ½ , which is F ½ c F ½ s plus the covariance between loci, η ½ (Wade and Goodnight, 2006; Vitalis and Couvet, 2001) . θ ½ between two individuals depends on transmission mode, and equals
Where i refers to a set of transmission modes for the two randomly selected hosts (i.e. i equals vv, vh, or hh).
The relevant identity coefficients of organelle and symbiont loci in this model are described above. The covariance between organelle and symbiont loci under each pair of transmission
Equation (3b) demonstrates that vertical transmission can maintain and even generate (e.g.,
0) an association between organelle and symbiont genes. However, equations (3c) and (3d) show that horizontal transmission erodes most of the preexisting intergenomic association.
We derive identity coefficients across the entire population by weighting each identity
With these results, we derive the covariance between organelle and symbiont loci, η ½ , by subtracting
Thus in a large population, only v 2 of any previous association is maintained across generations.
If there is no change in identity coefficients across generations (e.g. no selection or migration), the solution to the recursion (4) is the expected association between organelle and symbiont loci. Solving this recursion when all initial identity coefficients equal zero, we derive the covariance between organelle and symbiont loci at generation t.
where F c and F s are the probabilities of ibd at organelle and symbiont loci in generation Figure 1 , we plot the maximal covariance between organelle and symbiont loci η max against the degree of horizontal transmission. This demonstrates that under neutrality low levels of horizontal transmission prevent the generation of any strong covariance between host and symbiont loci.
For example with no horizontal transmission, η max 0.25, but when one of two hundred hosts are horizontally infected, η max decreases to 0.10.
Simulation Results
Here, we summarize results from a series of stochastic simulations that allow us to both compare the fit between predictions and simulation results and to relax some assumptions of our analytical model. We include the R scripts used for these simulations in Appendix 2 and Appendix 3; however, we briefly outline the implementation below.
We begin with N clonal females who are genetically unique at both organelle and symbiont loci (note that this is a slight departure from our analytical model of a dioecious population). Each generation, we randomly sample N organelle genomes with replacement.
v of these females inherit their symbionts from their mothers, while h uninfected of the (1-v) uninfected females inherit a randomly selected symbiont from the previous generation. The case in which h uninfected 1 (Figure 2A ), represents our analytical model (h v 1). By allowing h uninfected 1, we can relax our assumption of complete infection ( Figure 2B ). In a second script, we allow hosts to acquire a second symbiont lineage horizontally. In this set of simulations, offspring that are vertically infected by doubly infected mothers randomly acquire one of their mother's two symbiont lineages. This allows us to relax our assumption of singly infected mothers ( Figure 2C ). By relaxing the assumptions of our model, we show that long-term co-transmission of organelle and symbiont genomes is necessary for an appreciable intergenomic association.
With no horizontal transmission, but imperfect vertical transmission, a strong association between organelle and symbiont is generated before the symbiont is lost from the population ( Figure 2B , blue). This suggests that the absence of horizontal transmission, rather than the rate of vertical transmission, is the key driver of the organelle-symbiont association. In Figure   2C , we display the case in which individuals can be infected both vertically and horizontally.
Here, even when v = 1, a symbiont which was horizontally acquired in one generation can be vertically transmitted in the next, breaking apart organelle-symbiont lineages. In sum, these stochastic simulations support our major analytical results -a low level of horizontal transmission prevents the generation of strong associations between organelle and symbiont genomes.
Discussion
The relationship between host and symbiont is fragile and can range from mutualistic to parasitic. It is thought that by reducing conflict between host and symbiont, and maintaining adaptive intergenomic combinations, vertical transmission can result in an intimate and interdependent relationship between species.
Our results show that the absence of horizontal transmission is necessary for transmission mode to maintain a meaningful association between genomes. With even low levels of horizontal transmission, only additive effects of host and symbiont loci will respond to selection. Additionally, rare horizontal transmission may require the evolution of mechanisms to reduce conflict (e.g. host sanctions, Denison, 2000; Kiers et al., 2003) to prevent the exploitation of the host symbiont relationship.
Even in the absence of horizontal transmission an opportunity for conflict between host and symbiont genomes remains because symbionts do not generally gain from host fitness via male function (Frank and Hurst, 1996; Hurst et al., 1996; Gemmell et al., 2004, but see Unckless and Herren, 2009; Wade and Brandvain, 2009) . This can lead to the evolution of symbiotic manipulators of host reproduction. The expected association between mitochondria and cytoplasmic incompatibility inducing Wolbachia, in a biallelic system have been derived by Turelli et al. (1992) . Like the case detailed herein, associations between
Wolbachia and a plasmid with an arbitrary degree of maternal transmission rapidly decreases without strict co-transmission (Turelli and Hoffmann, 1999) .
Our results aid in interpretation of natural patterns of disequilibrium between mitochondrial and symbiont loci. A measurable interspecific disequilibrium is strong evidence for the absence of horizontal symbiont transmission; however, no association between organelle and symbiont does not indicate that vertical transmission is infrequent.
As only Ô1¡hÕ
2 of the identity disequilibrium of the previous generation is transmitted to the next generation, our results demonstrate that the response to selection on hostsymbiont interactions will be weak, and that the response to selection will be dominated by the additive effects of each locus. Nonetheless, cases of highly specialized host-symbiont relationships are observed in the absence of vertical transmission (Bright and Bulgheresi, 2010) , suggesting that selection on additive effects of host and symbiont loci are sufficient for the evolution of many specialized host-symbiont relationships.
Future work is needed to address the ability of strong selection to maintain host-symbiont associations over many generations in the face of horizontal transmission breaking apart these associations. Given that imperfect vertical transmission without horizontal infection can generate high levels of interspecific disequilibrium, it seems likely that under a model where selection maintains an infected class of hosts, incomplete vertical transmission without horizontal transmission will generate high ID. Another promising avenue of future research is to include more of the biological complexity of symbiont transmission.
Although we do not incorporate the entirety of complications associated with hostsymbiont relationships, our result is clear -with even modest levels of horizontal symbiont acquisition, neither vertical transmission nor genetic drift can neither generate nor maintain a meaningful association between organelle and symbiont genomes. Our result also motivates a few related conjectures: Since nuclear alleles in an outbreeding population are not strictly transmitted with maternally inherited symbionts, we predict no association between nuclear and symbiont genes in outbreeding, panmictic populations, unless selection is exceedingly strong. Since rare horizontal transmission break apart intraspecific genetic associations, we speculate that even low levels of interspecific symbiont transmission may erode interspecific associations between mitochondria and symbionts (e.g. Stewart et al., 2008) .
